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Vibrio choleraeThe discovery of the copper-dependent lytic polysaccharide monooxygenases (LPMOs) has revealed
new territory for chemical and biochemical analysis. These unique mononuclear copper enzymes
are abundant, suggesting functional diversity beyond their established roles in the depolymeriza-
tion of biomass polysaccharides. At the same time basic biochemical methods for characterizing
LPMOs, such as activity assays are not well developed. Here we describe a method for quantiﬁcation
of C1-oxidized chitooligosaccharides (aldonic acids), and hence LPMO activity. The method was used
to quantify the activity of a four-domain LPMO from Vibrio cholerae, GbpA, which is a virulence
factor with no obvious role in biomass processing.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
An important development in the ﬁeld of carbohydrate-active
enzymes is the identiﬁcation of the lytic polysaccharide monooxy-
genases (LPMOs). These proteins are copper-dependent metalloen-
zymes that cleave the b-1,4 glycosidic bonds of polysaccharides by
an oxidative mechanism. LPMOs are currently classiﬁed in families
9, 10 and 11 of the auxiliary activities (AAs) in the Carbohydrate
Active Enzyme database (CAZy; [1]). AA9-type and AA11-type
LPMOs are found exclusively in fungi. The AA10 family is domi-
nated by bacterial enzymes, but also contains members from
eukaryotic organisms and viruses.
The conserved active site property that uniﬁes the three LPMO
families is the copper binding site. One copper atom is coordinated
by three nitrogen ligands provided by two histidine imidazoles andthe N-terminal amino group in a T-shaped histidine brace arrange-
ment [2–5]. The reaction mechanism employed by LPMOs involves
reduction of the active site copper by an externally provided elec-
tron and subsequent activation of dioxygen. This enables hydrogen
abstraction and subsequent hydroxylation of either the C1 or C4
glycosidic carbon, resulting in bond cleavage and a monooxygenat-
ed product (Fig. 1; [2,6–9]). Notably, both types of oxidations have
been observed for LPMOs acting on cellulose, whereas for chitin-
active LPMOs only C1 oxidation has been described. The steps of
the catalytic itinerary are yet to be veriﬁed experimentally, but
have been analyzed for AA9-type LPMOs by density functional
theory calculations [10,11].
So far, only LPMOs related to biomass degradative systems have
been characterized. Interestingly, several pathogenic bacteria pro-
duce AA-10 type LPMO domains, which have been identiﬁed as vir-
ulence factors [12]. One prominent example is the Vibrio cholerae
colonization factor GbpA, which is thought to enable V. cholerae
to attach to both aquatic transfer vectors and the epithelial cell
surfaces of the host [13–16]. GbpA is a four-domain protein with
an N-terminal LPMO10 domain, two domains putatively involved
in bacterial cell surface binding and a C-terminal chitin binding
domain [15]. GbpA has been thought to passively mediate
Fig. 1. LPMO reaction scheme. Oxidative cleavage of glycosidic bonds in cellulose or chitin by LPMOs results in oxidation of the C1 or C4 carbon. The products resulting from
C1 or C4 oxidation (d-1,5-lactone or 4-ketoaldose, respectively) are in pH-dependent equilibrium with their respective hydrates (aldonic acid or geminal diol, respectively). It
should be noted that oxidation of the C4 carbon has only been observed experimentally for cellulose-cleaving LPMOs.
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presence of a putatively active LPMO suggests a more active role
of this protein in virulence. Notably, GbpA-like proteins occur in
several other pathogenic bacteria, such as Listeria monocytogenes,
Bacillus cereus and Yersinia pestis.
Analysis of LPMO activity is challenging, even at the qualitative
level, due to the complexity of the products, autoxidation of reac-
tants, lack of commercially available standards, the insolubility of
the substrate, and complicated analytical methods. Kittl et al.
described an appealing ﬂuorimetric method based on quantiﬁca-
tion of H2O2 resulting from futile cycling by the LPMO [17].
However, this method cannot be used to determine substrate
cleaving rates of LPMOs. Our own unpublished attempts to develop
a reliable assay have yielded several failures and literature is
almost devoid of quantitative data for LPMO activity. In this study
we have developed a method for rapid and reproducible quantita-
tive analysis of LPMO activity towards chitin, based on careful
copper saturation of the enzyme combined with use of a fast
chromatographic method. Using this method, we show that GbpA
possesses LPMO activity, thus providing evidence of LPMO activity
in a virulence factor not obviously involved in conversion of chitin
or other biomass polysaccharides.
2. Materials and methods
2.1. Cloning, protein expression and puriﬁcation
Chromosomal DNA from Serratia marcescens BJL200 was
extracted and puriﬁed from cells using the E.Z.N.A Bacterial DNA
kit (Omega Bio-Tek) and subsequently used for cloning the gene
encoding the S. marcescens GH20 b-N-acetylhexosaminidase, chito-
biase (chb; Genebank ID: L43594). Ampliﬁcation of the chb genewas
achieved by PCR, using primers enabling ligation independent clon-
ing (LIC) using the pET30 Xa/LIC vector kit (Merck-Millipore; for-
ward primer: 50GGTATTGAGGGTCGCGATCAACAGCTGGT30, reverse
primer: 50AGAGGAGAGTTAGAGCCCTAGACCTTCTCGGC30). The PCR
product was inserted into the pET30-Xa/LIC vector according to
the instructions provided by the supplier, yielding a construct
named pET-30Xa/LIC-chb, which upon expression will yield recom-
binant chitobiase containing an N-terminal hexa-histidine tag. The
vector was propagated in Escherichia coli BL21 star (DE3) (LB med-
ium; 100 lg/mL kanamycin). The sequence of the inserted PCR
product was veriﬁed by DNA sequencing using the Euroﬁns
sequencing service (Euroﬁns-MWG). For protein production cells
were cultured at 37 C until OD600 = 0.5, followed by induction with0.1 mM IPTG and incubation at 30 C for 3 h with shaking at
200 rpm. The culture was harvested by centrifugation at 7741g
and resuspended in lysis/binding buffer (20 mM Tris–HCl pH 8.0,
20 mM imidazole) followed by cell disruption by sonication using
a Vibra cell Ultrasonic Processor (Sonics). The disruption procedure
was carried out by applying a cycle of 5 s sonication and5 s pause for
4 min using 30% amplitude. The sample was kept on ice throughout
the sonicationprocedure. Cell debriswas removedby centrifugation
at 7741g and the crude extract was ﬁnally passed through a 0.2 lm
ﬁlter using a syringe. The protein was then puriﬁed by immobilized
metal ion chromatography using a Bio-Rad Econo column contain-
ing 10 mL Ni-NTA Agarose resin (Qiagen) equilibrated with 20 mM
Tris-HCl pH 8.0, 20 mM imidazole, operated by a BioLogic low-pres-
sure protein puriﬁcation system (BioRad). The protein extract was
applied at a ﬂow of 1.0 mL/min and unbound proteinwas discarded.
Elution of bound protein (chitobiase) was accomplished by chang-
ing the eluent to 20 mM Tris–HCl pH 8.0, 500 mM imidazole. The
eluted protein was concentrated and subjected to buffer exchange
(to 20 mM Tris–HCl pH 8.0) using Amicon Ultra centrifugal ﬁlters
(Millipore) with a 10 kDa cutoff.
Chitooligosaccharide oxidase (ChitO) N-terminally fused to
maltose binding protein encoded by the pBAD-MBP-chitO expres-
sion vector was expressed and puriﬁed as described previously
[18,19], with minor modiﬁcations. Brieﬂy, LB medium supple-
mented with 50 lg/mL ampicillin, 15 lg/mL kanamycin, 12.5 lg/
mL tetracyclin and 0.4% (w/v) arabinose was inoculated with
BL21 star cells containing pBAD-MBP-chitO. After 70 h at 17 C,
the cells were harvested by centrifugation at 7741g, resuspended
in lysis/binding buffer (50 mM potassium phosphate buffer,
pH7.6, 10% glycerol) and disrupted by sonication as described
above. The extract was cleared by centrifugation at 7741g and ster-
ile ﬁltered through a 0.2 lm ﬁlter using a syringe. The fusion pro-
tein (henceforth referred to as ChitO) was puriﬁed by a two-step
procedure involving ion exchange and gel ﬁltration chromatogra-
phy. Firstly, the protein extract was loaded onto a 5 mL DEAE
Sepharose FF anion exchange column (GE Healthcare) with a ﬂow
rate of 0.8 mL/min using an Äkta puriﬁer chromatography system
(GE Healthcare). Application of a 120 min linear NaCl gradient
(0–1.0 M) eluted the protein bound to the column material. Frac-
tions containing ChitO (assessed by SDS–PAGE) were pooled and
concentrated using Amicon Ultra centrifugal ﬁlters (Millipore)
with 10 kDa cutoff. Impurities in the ChitO concentrate were
removed by gel ﬁltration using an Äkta puriﬁer chromatography
system operating a HiLoad 16/60 Superdex 75 size exclusion col-
umn (GE Healthcare). The ﬂow rate was set to 0.7 mL/min and
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pure ChitO (assessed by SDS–PAGE) were pooled and concentrated
using Amicon Ultra centrifugal ﬁlters (Millipore) with 10 kDa cut-
off, adjusted to 10% glycerol (v/v) and stored at 20 C until use.
GbpA, in its native form, was expressed in BL21 star (DE3) cells
containing the pET22b vector encoding gbpA as previously
reported by Wong et al. [15].
Protein concentrations were determined using the BioRad pro-
tein assay for chitobiase and ChitO, using BSA as a standard, and
by absorbance at A280 for GbpA, using the theoretical extinction
coefﬁcient (http://web.expasy.org/protparam/).
2.2. Cu(II) saturation and desalting of GbpA
GbpA was saturated with copper (Cu(II)SO4) by incubating a
5.0 mg/mL solution of pure GbpA in 20 mM Tris–HCl pH 8.0 with
a 3-fold molar excess of Cu(II)SO4 for 30 min at room temperature.
Excess copper was removed by passing 1 mL of the enzyme solu-
tion through a PD MidiTrap G-25 (GE Healthcare) desalting column
pre-equilibrated with 20 mM Tris–HCl pH 8.0. To ensure no free
copper was included in the desalted protein, only the ﬁrst mL elut-
ing from the column was used for further work. The protein solu-
tion was stored at 4 C until further use. If stored for more than
2 weeks, the copper saturation procedure was repeated before
use of the enzyme. The procedure was carried out at room temper-
ature using gravity ﬂow.
2.3. Preparation of b-chitin nano-ﬁbers
Beta-chitin was purchased from France Chitin (Orange, France).
The b-chitin nanoﬁbers were produced according to the protocol
described by Fan et al. [20]. In short, 100 mg b-chitin (France
Chitin, Orange, France) was suspended in 10 mL 1.8 mM acetic
acid and sonicated at 27% amplitude for 4 min, using a Vibra
Cell Ultrasonic Processor (Sonics). The substrate was stored at
4 C until use.
2.4. LPMO activity assay
LPMO activity was assayed by incubating 5 mg/mL b-chitin
nanoﬁbers with 2.0 lM LPMO in 500 lL reactions buffered by
50 mM Bis–Tris–HCl pH 6.8 in the presence of 1.0 mM ascorbate.
Reactions were incubated at 37 C in an Eppendorf Comfort Ther-
momixer with a thermostated lid, at 800 rpm. 50 lL samples were
taken with 5 min intervals and immediately ﬁltered using a 96-
well ﬁlter plate (Millipore) operated by a Millipore vacuum mani-
fold, to separate insoluble substrate particles from the soluble
products and to stop the reaction (activity of GbpA towards soluble
chitooligosaccharides could not be detected; results not shown). At
this stage, reaction products were either analyzed directly by
MALDI-TOF MS and UPLC (see below) or further degraded by chito-
biase for minimizing product complexity. The latter procedure was
accomplished by adding chitobiase to a ﬁnal concentration of
2.0 lM, followed by incubation at 37 C for 2 h. The resulting prod-
ucts were then analyzed and quantiﬁed by UPLC.
2.5. Preparation of aldonic acid standards
N-acetyl-chitooligosaccharides (Megazyme; 95% purity) with a
degree of polymerization (DP) ranging from 1 to 6 were dissolved
to a ﬁnal concentration of 3.0 mM in 50 mM Tris–HCl pH 8.0 and
incubated overnight with 0.12 mg/mL ChitO at 20 C. The resulting
chitooligosaccharide aldonic acids [COAAs; (GlcNAc)1–5GlcNAc1A]
and GlcNAc1A were veriﬁed by UPLC and MALDI-TOF MS as
described by Vaaje-Kolstad et al. [9]. The UPLC method usedapplied a slightly modiﬁed gradient in order to enable separation
and identiﬁcation of GlcNAc1A in addition to (GlcNAc)1–5Glc-
NAc1A; 80% ACN (A): 20% 15 mM Tris–HCl pH 8.0 (B) was run
for 3.5 min, followed by a 5.5 min gradient to 70% A: 30% B and a
0.5 min gradient to 55% A: 45% B. The latter condition was held
for 1 min, followed by column reconditioning obtained by a
1 min gradient back to initial conditions (80% A: 20% B) and subse-
quent running at these conditions for 4 min.
2.6. Quantitative analysis of GlcNAcGlcNAc1A
Rapid quantitative analysis of GlcNAcGlcNAc1A was carried out
using a short hydrophilic interaction chromatography (HILIC) col-
umn (Acquity UPLC BEH Amide, 50 mm) and a novel running pro-
tocol. The sample injection volume was 7.0 lL and the ﬂow rate
0.4 mL/min. The gradient was as follows: 78% ACN (A): 22%
15 mM Tris–HCl pH 8.0 (B) held for 4 min, followed by a 1 min gra-
dient to 62% A: 38% B. Column reconditioning was obtained by a
1 min gradient back to initial conditions (78% A: 22% B) and subse-
quently running at these conditions for 1 min. Products were
detected by monitoring absorbance at either 195 nm, for qualita-
tive analysis of all products, or 205 nm, for quantitative analysis
of GlcNAcGlcNAc1A only. At 205 nm signals generally get smaller,
and information is lost, but the signal-to-noise ratio near the
GlcNAcGlcNAc1A peak is better and peak integration is more
accurate.
3. Results and discussion
So far, analysis of LPMO activity has been limited to qualitative
approaches, with a few exceptions. Vaaje-Kolstad et al. determined
an initial rate of 1 min1 for CBP21, a chitin active LPMO10, using
a multi-step assay involving several enzymes [9]. Agger et al.
reported initial rates ranging from 1.8 min1 to 6.6 min1 for an
LPMO9 acting on various plant cell wall polysaccharides, exploiting
the ability of this LPMO to act on soluble substrates [21], an ability
that has never been observed for chitin-active LPMOs. In both
these cases the enzyme was used ‘‘as is’’, meaning that the degree
of copper saturation was not controlled. In the present study, we
have used a simple approach based on quantifying COAAs, with
well controlled copper saturation of the enzyme. The approach
used in this study was based on quantifying COAAs. Since COAAs
are not commercially available, standards must be generated in-
house by either chemical or enzymatic means. Conveniently, Heuts
et al. 6 years ago reported characterization of an enzyme (chitoo-
ligosacharide oxidase; ChitO) that regioselectively oxidizes the
reducing end C1 carbon of chitooligosaccharides, yielding COAAs
[18]. By incubating ChitO with native chitooligosaccharides, COAAs
could be generated with near 100% efﬁciency (Fig. 2). It must be
noted that it is critical to perform sample separation and analysis
at pH 8.0, since the aldonic acid/lactone equilibrium is driven far
towards the aldonic acid form at this pH. Lactones are not observed
at pH 8.0, as demonstrated by MALDI-TOF MS (Fig. 3; [9]), and thus
do not need to be considered.
The chromatographic method for separating COAAs published
by Vaaje-Kolstad et al. is able to provide base line separation of
COAAs having up to eight sugar units (DP8), meaning that not all
soluble products can be quantiﬁed by the existing UPLC method.
Furthermore, a search for rapid variants of this method, using a
shorter column (see Section 2) showed that the best solution, reduc-
ing the run time from 26 min to 7 min, only was able to resolve the
chitobionic acid, whereas all other COAAs appeared in a part of the
chromatogram that is less well resolved (Fig. 3A). In order to obtain
a simpler product mixture only comprising GlcNAc and chitobionic
acid, chitobiase, a family 20 N-acetylhexosaminidase, was used to
Fig. 2. Analysis of COAAs generated with ChitO using HILIC. Chromatography was conducted as described previously using a 150 mm column [9], but with a slightly altered
gradient (dashed line) and run time (16 min). The solid lines show the analysis of ChitO-generated GlcNAc1A (DP1ox, black line), (GlcNAc)1GlcNAc1A (DP2ox, blue line),
(GlcNAc)2GlcNAc1A (DP3ox, pink line), (GlcNAc)3GlcNAc1A (DP4ox, red line), (GlcNAc)4GlcNAc1A (DP5ox, green line) and (GlcNAc)5GlcNAc1A (DP6ox, light blue line). The
Y-axis reﬂects absorbance at 195 nm and the dashed line represents the acetonitrile (ACN) gradient. Peaks in the chromatograms appearing before 5.0 min represent buffer
components.
Fig. 3. Enzymatic oxidation of chitobiose to GlcNAcGlcNAc1A (chitobionic acid), analyzed using the shortened HILIC procedure. (A) Chromatograms showing 1.0 mM
(GlcNAc)2 in its native form (green line) in 50 mM Bis–Tris pH 6.8 or fully oxidized to chitobionic acid (GlcNAcGlcNAc1A; blue line) with 0.12 mg/mL ChitO in the same buffer.
Chromatograms representing 0.12 mg/mL ChitO in 50 mM Bis–Tris pH 6.8 (pink line) and the buffer only (black line) are shown for reference. The Y-axis reﬂects absorbance at
195 nm. The two anomers of (GlcNAc)2 are partially resolved and indicated by ‘‘a’’ and ‘‘b’’. The ACN gradient is indicated by the dashed line. Note that the absorption increase
caused by the decrease in ACN is shifted approximately 1 min due to the delay from the mixing chamber to the detector. Peaks in the chromatograms appearing before
1.5 min represent buffer components. (B) Standard curve for chitobionic acid ranging from 0.01 to 0.75 mM. The inset graph (same axis legends as the main graph) shows the
standard curve extended up to 3.0 mM chitobionic acid. The Y-axis reﬂects absorbance at 205 nm. The slope of the curve is 19.7 mAU*min/mM GlcNAcGlcNAc1A and
R2 = 0.99.
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hydrolyze chitobiose, the main product of chitin hydrolysis by fam-
ily 18 chitinases, to GlcNAc [22–24]. Chitobiase operates by an exo-
mechanism, releasing sugar moieties from the non-reducing end of
the sugar chain and the enzyme is able to efﬁciently hydrolyze chi-
tooligosaacharides [22]. When incubated with COAAs, chitobiase
was able to depolymerize all soluble chitooligosaccharides to two
ﬁnal end products, GlcNAc and GlcNAcGlcNAc1A (chitobionic acid)
(Fig. 4). It is not surprising that chitobiase cannot hydrolyze chitob-
ionic acid since the open ring structure of the aldonic acid is likely toprevent productive binding of the substrate. Fig. 3B shows that the
newly developed chromatographic method allows accurate quanti-
ﬁcation of chitobionic acid in concentrations ranging from 0.01 to
3.0 mM.
By using the method described above, the rate of substrate oxi-
dation can be quantiﬁed for any LPMO that cleaves chitin chains by
hydroxylation of the C1 carbon. However, working with LPMOs is
not trivial, and several precautions are needed in order to ensure
reliable results. Even though LPMOs show tight binding of copper
(with Kd’s in the low nM range; [4,25,26]), there will always be
Fig. 5. Generation of COAAs by GbpA over time. The reaction rate was determined
for 2.0 lM GbpA acting on 5.0 mg/mL b-chitin nanoﬁbers in 50 mM Bis–Tris pH 6.8
and 1.0 mM ascorbate. Chitobiase was used to degrade resulting COAAs to GlcNAc
and GlcNAcGlcNAc1A. The latter product was analyzed by the 7 min HILIC method
described (see Methods and Materials and Fig. 4) and quantiﬁed using the ChitO
generated GlcNAcGlcNAc1A standard. The straight black line represents the curve
ﬁtted the data by linear regression yielding a slope of 5.3 lM GlcNAcGlcNAc1A/min
and an R2 = 0.99. This gives a rate of 2.7 min1. All reactions were performed in
triplicates and standard deviations are indicated by error bars.
Fig. 4. Analysis of LPMO activity. Reaction products emerging from the activity of 2.0 lM GbpA on 5.0 mg/mL b-chitin nanoﬁbers in 50 mM Bis–Tris pH 6.8 and with 1.0 mM
ascorbate as reducing agent, analyzed byMALDI–TOFMS (inset) andHILIC (gray line). In themass spectrum, each COAA is identiﬁed by onemajor peak that represents themass
of the [M+Na+] adduct. Peaks of lower intensity representing masses of the [M+K+], [MH++2Na+], [MH++K++Na+] and/or [MH++2 K+] adducts also occur but are not labeled.
The masses observed for the [M+Na+] adducts were 869.1 (DP4ox), 1072.1 (DP5ox), 1275.2 (DP6ox), 1478.3 (DP7ox) and 1681.3 (DP8ox), with DPnox indicating (GlcNAc)n1-
GlcNAcA. All COAAs elute between 5.5 and 6 min. Chitobiase treatment of the product mixture leaves chitobionic acid as the sole aldonic acid (green line), with the a- and b-
anomers of GlcNAc eluting at 1.0 min. Control chromatograms show 1.0 mM chitobionic acid (pink line), 1.0 mM ascorbate (dark green line), 1.0 mM GlcNAc (blue line),
2.0 lMchitobiase (‘‘Chb’’; brown line), all in the reaction buffer (50 mMBis–Tris pH 6.8). Chromatograms representing the reaction buffer and the negative control (all reaction
constituents except ascorbate) are shown by the black and cyan line, respectively. All samples were analyzed using the 7-minute HILIC protocol described in Section 2.
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as Cu(OH)2) at the mildly acidic to mildly alkaline pH values com-
monly used for storage of proteins (the solubility product constant,
Ksp, is 2.2  1020 for Cu(OH)2). Thus, if copper-saturated LPMOs
are stored for a long period of time before use, a certain degree
of the LPMOs in solution will be in an apo-form, which will
be reﬂected in loss of activity (result not shown). A solution to
the problem is to perform a Cu(II) saturation and desalting step
before conducting an experiment as outlined in the Section 2. It
should be noted that addition of excess copper in LPMO reaction
mixtures, which could be envisioned as an alternative way of cop-
per saturating the LPMOs, is not advisable, since dissolved Cu(II) is
a catalyst for the autooxidation of reducing agents, which will lead
to electron and oxygen depletion and enzyme damage caused by
reactive oxygen species formed. This is especially critical when
ascorbate is used as an electron donor [27].
Using the methods for enzyme preparation and quantitative
product analysis described above, we were able to detect and
quantify LPMO activity for the V. cholerae GbpA protein that carries
an N-terminal LPMO10 domain. The protein was puriﬁed, copper
saturated and desalted prior to use. Product formation over time
was linear and the initial reaction rate for GbpA acting on b-chitin
nanoﬁbers was determined to be 2.7 min1 (Fig. 5). This rate is
similar to what was found for CBP21 activity towards b-chitin par-
ticles (1 min1).
In conclusion, we report on methodological aspects of LPMO
enzymology and describe a method for quantifying the oxidation
rate of a chitin-targeting LPMO. Notably, the method described
here is based on analysis of soluble products, meaning thatoxidations not leading to solubilization are not considered and that
rates are likely to be underestimated. Furthermore, importantly,
we also show that GbpA, a V. cholerae virulence/colonization factor,
3440 J.S.M. Loose et al. / FEBS Letters 588 (2014) 3435–3440is an active LPMO. Based on this ﬁnding the role of GbpA in
V. cholerae virulence and transfer may need reconsideration.
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